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e-mail: elena@asu.cas.cz

3 RS Newton International Fellow, DAMTP, CMS, University of Cambridge, Wilberforce Road, Cambridge CB3 0WA, UK
e-mail: jd584@cam.ac.uk

Received 14 November 2013 / Accepted 17 February 2014

ABSTRACT

Context. The non-Maxwellian κ-distributions have been detected in the solar wind and can explain intensities of some transition region
lines. Presence of such distributions in the outer layers of the solar atmosphere influences the ionization and excitation equilibrium
and widens the line contribution functions. This behavior may be reflected on the reconstructed differential emission measure (DEM).
Aims. We aim to investigate the influence of κ-distributions on the reconstructed DEMs.
Methods. We perform DEM reconstruction for three active region cores and a quiet Sun region using the Withbroe-Sylwester method
and the regularization method.
Results. We find that the reconstructed DEMs depend on the value of κ. The DEMs of the active region cores show similar behavior
with decreasing κ, or an increasing departure from the Maxwellian distribution. For lower κ, the peaks of the DEMs are typically
shifted to higher temperatures and the DEMs themselves become more concave. This is caused by the less steep high-temperature
slopes for lower κ. However, the low-temperature slopes do not change significantly even for extremely low κ. The behavior of the
quiet-Sun DEM distribution is different. It becomes progressively less multithermal for lower κ with the EM-loci plots that indicate
near-isothermal plasma for κ = 2.
Conclusions. The κ-distributions can influence the reconstructed DEMs. The slopes of the DEM, however, do not change with κ
significantly enough to produce different constraints on the heating mechanism in terms of frequency of coronal heating events.
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1. Introduction

The knowledge of the temperature distribution of plasma in the
solar corona is crucial for constraining the coronal heating prob-
lem. To complicate the problem, several analysis in past years
have shown that departures from the Maxwellian distribution
of particle energies may influence the interpretation of obser-
vations (e.g., Dzifčáková & Kulinová 2011; Dudík et al. 2009;
Pinfield et al. 1999). Departures from the Maxwellian distri-
bution argue to be ubiquitous in the solar atmosphere above
R = 1.05 RSun (Scudder & Karimabadi 2013). In this respect, the
generalized Boltzmann-Gibbs statistics, which occurs due to dy-
namic or nonlocal effects, gives rise to the κ-distributions char-
acterized by suprathermal, high-energy tails (e.g., Livadiotis &
McComas 2013, 2010, 2009; Tsallis 2009, 1988; Leubner 2004,
2002; Shoub 1983). A review of the presence of κ-distributions
in astrophysical plasmas is given in Pierrard & Lazar (2010). In
particular, the κ-distributions were detected in solar wind (e.g.,
Le Chat et al. 2011; Zouganelis 2008; Maksimovic et al. 1997;
Collier et al. 1996), planetary magnetospheres (e.g., Dialynas
et al. 2009; Kletzing et al. 2003), in a solar transition region
(e.g., Dzifčáková & Kulinová 2011; Pinfield et al. 1999), and
flare plasmas (Oka et al. 2013; Kašparová & Karlický 2009).
However, direct evidence for the presence of κ-distributions in

the solar corona is still lacking (Feldman et al. 2007) or am-
biguous. Lee et al. (2013) studied the line profiles of Fe XV
in active region, and they showed that the line profiles can be
better approximated by a κ-distribution than a Maxwellian one.
Mackovjak et al. (2013) and Dzifčáková & Kulinová (2010) ana-
lyzed the possibility to diagnose non-Maxwellian κ-distributions
in the solar corona using the lines observed by Hinode/EIS in-
strument (Culhane et al. 2007). Although these authors found
some indications of departures from the Maxwellian distribu-
tions, they could not exclude the presence of multithermal effects
due to the optically thin nature of observed regions.

In optically thin plasmas, the resulting observed emission
along a given line of sight can consist of contributions from
many individual plasma elements often with different temper-
atures and densities. Especially in the case of the solar corona,
inadequate spatial resolution of the instruments can prevent the
resolution of individual small-scale structures present within a
given detector pixel (see Cirtain et al. 2013; Peter et al. 2013;
DeForest 2007). Overlapping structures are also commonly ob-
served. The situation is, furthermore, complicated by presence
of a diffuse background (e.g., Aschwanden et al. 2008) that is
ubiquitous and of unknown origin. This means that the plasma
observed by a given instrument within one of its detector el-
ements will often be multithermal, even if careful background
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Fig. 1. κ-distributions for κ = 2, 3, 5, and 10 plotted with the
Maxwellian distribution. Temperature of log T (K) = 6.5 is assumed.

removal were performed. Such observational data are typically
analyzed with the help of the differential emission measure tech-
niques. The differential emission measure (DEM) indicates the
amount of emission from plasmas at a specific temperature. As
such, it can reflect the properties, such as the coronal heating
mechanism, and was intensively investigated for variety of solar
structures and events (e.g., Del Zanna 2013b; Del Zanna et al.
2011; Schmelz et al. 2013, 2011b,a, 2009; Hannah & Kontar
2012; Winebarger et al. 2012; O’Dwyer et al. 2011; Brooks et al.
2012, 2011; Reale et al. 2009; Siarkowski et al. 2008; Parenti &
Vial 2007; Schmelz & Martens 2006; Lanzafame et al. 2005,
2002; Judge et al. 1997; Thompson 1990; Fludra & Sylwester
1986; Sylwester et al. 1980; Craig 1977; Craig & Brown 1976).
The properties of emission in the core of an active region have
been studied by Warren et al. (2011), Winebarger et al. (2011),
Tripathi et al. (2011), and Viall & Klimchuk (2011), and typi-
cally found to be multithermal. A systematic survey of 15 active
region core emissions is presented by Warren et al. (2012).

However, all of these works quietly assumed that the plasma
at a particular temperature is characterized by a Maxwellian dis-
tribution. The κ-distributions affect the ionization and excitation
equilibria (Dzifčáková & Dudík 2013; Dzifčáková 2002) and,
therefore, the line contribution functions. These should be re-
flected in the shape of DEM. However, no DEM reconstruction
under the assumption of a κ-distribution has been performed yet.

In this paper, we present the analysis of DEM calculated
for Maxwellian and κ-distributions. To do that and to obtain
confidence in the results, we employ two methods of DEM re-
constructions, the Wihbroe-Sylwester (Sylwester et al. 1980;
Withbroe 1975) and regularization method (Hannah & Kontar
2012). These methods are introduced in Sect. 2. The datasets
used are described in Sect. 3, and the results are presented in
Sect. 4.

2. Method

2.1. Non-Maxwellian κ-distributions

The κ-distribution (Fig. 1) is a distribution of electron ener-
gies characterized by a power-law high-energy tail (Livadiotis
& McComas 2009; Owocki & Scudder 1983),

f (E, κ)dE = Aκ
2√

π(kBT )3/2

E1/2dE(
1 + E

(κ− 3/2)kBT

)κ+1
, (1)

where Aκ is a normalization constant, kB is the Boltzmann con-
stant, and T and κ are the parameters of the distribution. The
free parameter κ changes the shape of distribution function from
κ → 3/2, which corresponds to the highest deviation from
Maxwellian distribution to κ → ∞, which corresponds to the
Maxwellian distribution.

We note that the κ-distribution characterized by a parame-
ter T can be approximated with a Maxwellian core with temper-
ature TC = T (κ − 3/2)/κ and a power-law high-energy tail (Oka
et al. 2013). Despite this, the mean energy 〈E〉 = 3kBT/2 of a
κ-distribution is independent of κ, so that T can also be defined
as the temperature for κ-distributions. Livadiotis & McComas
(2009) showed that T has all the properties of the temperature
in the generalized Tsallis statistical mechanics. Therefore, quan-
tities depending on T , such as the pressure, internal energy, or
the DEM(T ) (Sect. 2.4), are straightforward to generalize for
κ-distributions.

2.2. Synthetic spectra for κ-distributions

We assume that the solar corona is optically thin (e.g., Phillips
et al. 2008). The intensity I ji of a spectral line with a wave-
length λ ji that arises due to a transition j→ i is given by the sum
of all contributions from the plasma along the line of sight dl:

I ji =
1

4π

∫
G ji(T,Ne, κ)N2

e dl, (2)

where the contribution function G ji(T,Ne, κ) includes all atomic
processes that contribute to the line formation. In optically thin
conditions, it can be expressed as

G ji(T,Ne, κ) =
hc
λ ji

A ji

Ne

N+k
X, j

N+k
X

N+k
X

NX
AX

NH

Ne
· (3)

In this expression, A ji is the Einstein coefficient giving the prob-
ability of the spontaneous emission, h is the Planck constant, c is
the speed of light, Ne and NH are the electron and hydrogen den-
sities, respectively, N+k

X, j is the density of the k-times ionized ion
of the element X with the electron on the excited upper level j,
N+k

X is the total density of the ion +k, and NX is the total density
of the element X. The quantity N+k

X, j/N
+k
X represents the excited

fraction of the ion +k. The N+k
X /NX is the relative ion abundance,

and finally, AX = NX/NH is the abundance of the element X.
For evaluating the G ji(T,Ne, κ), the ionization equilib-

rium (i.e., the N+k
X /NX) and the excitation equilibrium (i.e.,

the N+k
X, j/N

+k
X ) must be known. Usually, these are obtained by

integrating the appropriate cross-sections for collisional ion-
ization, recombination, excitation, and de-excitation over the
Maxwellian distribution, as done in the CHIANTI database
(Landi et al. 2013; Dere et al. 1997). However, the G ji(T,Ne, κ)
can also be evaluated for the κ-distributions. Generally, the
changes in G ji(T,Ne, κ) with κ are dominated by the ioniza-
tion equilibrium, which exhibits wider and flatter ionization
peaks, that can also be shifted to higher or lower temperatures
(Dzifčáková & Dudík 2013; Dzifčáková 2002). Here, we use
the ionization equilibrium calculations of Dzifčáková & Dudík
(2013).

Changes in the electron collisional excitation and deexcita-
tion rates and, therefore, in the excitation equilibrium, depend
on the type of transitions and ratio of excitation energies to
temperature. They can be calculated directly from atomic cross-
sections, or, if the cross-sections are lacking, by using a method
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described in Dzifčáková (2006) and tested in Dzifčáková &
Mason (2008). This is the approach we adopt here in conjunction
with the atomic data from the CHIANTI database v7.1 (Landi
et al. 2013). We also assume coronal abundances of Feldman
et al. (1992) and constant pressure NeT = 1015 cm−3 K for both
Maxwellian and non-Maxwellian calculations. Coronal abun-
dances are required for an adequate description of the active re-
gion cores, which exhibit enhancements of the low-FIP elements
by about a factor of three (e.g., Del Zanna 2013b; Del Zanna &
Mason 2003). The assumption of constant pressure is justified
on grounds of the maximum height of the loops in the active re-
gion cores being much lower than the pressure scale-height for
temperatures of log T (K)≈ 6.6 which are typical of active re-
gion cores. The lines used for the calculation of DEM are also
typically not strongly sensitive to Ne, yielding little variation of
the resulting DEM with the input value of NeT .

We also note here that we are not concerned in this paper
with the effects of finite density on the ionization equilibrium or
the possible presence of the transient (time-dependent) ioniza-
tion. The reasons are as follows. First, while the suppression of
dielectronic recombination at high Ne (e.g., Nikolić et al. 2013;
Summers et al. 2006) leads to shifts of the ionization peaks to-
ward lower T , this effect is typically small at the temperatures
corresponding to active region cores even for log Ne (cm−3) = 10
(Fig. 6 in Nikolić et al. 2013). The effect of κ-distributions on the
ionization equilibrium can be much stronger. Second, active re-
gion cores typically exhibit only weak intensity fluctuations even
on timescales of several hours (e.g., Dudík et al. 2011a; Brooks
& Warren 2009; Antiochos et al. 2003) indicating plasma near
equilibrium. Therefore, we believe that the presence of plasmas
undergoing transient ionization (cf. Doyle et al. 2013) can be
neglected.

2.3. Response of the AIA 94 Å channel for κ-distributions

A procedure similar to the one outlined in Sect. 2.2 is used to
obtain the responses of the AIA 94 Å channel for κ-distribu-
tions. The difference here is that the G ji(T,Ne, κ) for lines
contributing to the AIA 94 Å channel were folded through
the AIA 94 Å wavelength response, which is available from
SolarSoft, to obtain the predicted intensities.

We used this procedure for the Fexviii 93.93 Å line and
the Fexx 93.78 Å line. Note that the Fexx line has usually a
negligible contribution for active region conditions (O’Dwyer
et al. 2010). We use the response of the AIA 94 Å emission cal-
culated in this way, which is to exclude the contribution from
cooler lines, such as Fexiv and Fex, because of the “cleaned”
Fexviii emission used by Warren et al. (2012) (see also Sect. 3).
We also note that the Warren et al. (2012) method of obtaining
the “cleaned” Fexviii emission from AIA data appears reliable,
since it gives nearly identical results to the method of Del Zanna
(2013b), who take careful account of the lines contributing to the
AIA 94 Å channel.

2.4. Differential emission measure analysis

Since the solar corona is optically thin, the line of sight l pierces
plasma elements with different T and Ne. In principle, Eq. (2)
can be re-cast as an integral over T and Ne (e.g., Phillips et al.
2008, p. 95 therein)

I ji =
1

4π

�
G ji(T,Ne, κ)ψ(T,Ne) dT dNe, (4)

where the ψ(T,Ne) is the emission measure differential. It can be
considered to be a measure of the emission from the plasmas as a
function of T and Ne. (Note that we do not consider here the pos-
sible dependence of ψ on κ for the reasons of simplicity.) Since
the sensitivity of the contribution function G ji(T,Ne, κ) to Ne is
usually weak compared to its sensitivity to T , the inversion of
Eq. (4) in the density direction does not produce reliable results.
Therefore, the quantity ψ(T,Ne) is typically reduced to the emis-
sion measure differential in temperature, DEM(T ), which is also
called the differential emission measure (DEM) and defined by
(e.g., Phillips et al. 2008)

DEM(T ) = N2
e

dl
dT

[cm−5 K−1]. (5)

The observed line intensity can then be written using Eqs. (2)
and (5) as

I ji =
1

4π

∫
T

G ji(T,Ne, κ)DEM(T ) dT. (6)

The value of DEM(T ) can be determined from an observed spec-
tra by the inversion of Eq. (6) using a known set of G ji(T,Ne, κ)
functions and an assumption on Ne, which assumes of constant
pressure made in Sect. 2.2.

However, such inversion poses several problems with the
uniqueness of its solutions. Therefore, many techniques have
been developed to carry it out (Aschwanden & Boerner 2011;
Goryaev et al. 2010; Golub et al. 2004; Weber et al. 2004;
Parenti et al. 2000; Kashyap & Drake 1998; Brosius et al. 1996;
Monsignori-Fossi & Landini 1992; Thompson 1990). One of
the first used methods, the Withbroe-Sylwester (W-S) method
(Sylwester et al. 1980; Withbroe 1975), and one of the most
robust methods, the regularization method (RIM, Hannah &
Kontar 2012), are employed in this paper to independently verify
results.

The W-S method for DEM reconstruction was introduced by
Withbroe (1975) and improved and tested by Sylwester et al.
(1980). It was compared to other methods for the calculation of
DEM (e.g., Siarkowski et al. 2008; Fludra & Sylwester 1986)
and applied on solar data (e.g., Sylwester et al. 2010). The
(n + 1)th approximation of a DEM model is given by

DEM(n+ 1)(T ) = DEM(n)(T )

∑
ji

Iobs
ji W ji(T )/I(n)

ji

∑
ji

W ji(T )
, (7)

where Iobs
ji is the observed intensity in the line λ ji and I(n)

ji is
the intensity predicted in the nth iteration. The weight functions
W ji(T ) are chosen semi-empirically (see Eq. (12) in Sylwester
et al. 1980) to improve the model most efficiently at tempera-
tures where the line λ ji is formed. The initial approximation is
DEM(0)(T ) = const.

Hannah & Kontar (2012) present the RIM, which uses
Tihkonov regularized inversion (Prato et al. 2006; Craig 1977;
Tikhonov 1963) and generalized singular value decomposition
(GSVD; Hansen 1992). The DEM is the solution of inversion
of linearized equations system. The detailed explanation of RIM
is presented in Hannah & Kontar (2012) and references therein.
These authors also compared their RIM with commonly used
Markov chain Monte Carlo (MCMC) method (Kashyap & Drake
1998) and have shown a good match to these two methods us-
ing data of an active region core from Warren et al. (2011).
However, the RIM is computationally faster, provides error bars
also in temperature, and the regularized solution matrix allows
us to easily determine the accuracy and robustness of the regu-
larized DEM.
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3. Datasets selected for DEM reconstruction

To study the influence of κ-distributions on the DEM recon-
struction, we used the data of Warren et al. (2012) and Landi
& Young (2010). These observations were obtained using the
Extreme Ultraviolet Imaging Spectrometer (EIS) onboard the
Hinode satellite (Kosugi et al. 2007; Culhane et al. 2007) and
the Atmospheric Imaging Assembly (AIA) onboard the Solar
Dynamics Observatory (SDO; Pesnell et al. 2012; Lemen et al.
2012). The EIS observes EUV spectra in two spectral bands,
170–210 Å and 240–290 Å, with a spectral resolution 0.022 Å.
Its spectral range contains emission lines providing sufficient
coverage of the 0.6–5 MK temperature range. The “cleaned”
emission of Fexviii (Warren et al. 2012) observed by the
AIA 94 Å channel is used to constrain the DEM at high tem-
peratures above 5 MK.

Warren et al. (2012) selected 15 observations of inter-moss
regions in active regions cores. The distribution of temperatures
in such locations can constrain the properties of the coronal heat-
ing mechanism. For example, the slope of the DEM at tempera-
tures lower than the DEM peak indicates whether the impulsive
heating recurs on timescales longer or shorter than the typical
plasma cooling time (see Winebarger 2012; Viall & Klimchuk
2011; Mulu-Moore et al. 2011; Tripathi et al. 2011). If the heat-
ing is high-frequency, in that it recurs often, the plasma can-
not cool down. This is reflected on the DEM, which is strongly
peaked, indicating plasma not far from equilibrium. This is what
was found by Warren et al. (2012): The emission measure (EM)
distributions, defined as

EM(T ) = DEM(T )ΔT ≡ DEM(T )
TΔ(logT )

log(e)
, (8)

are indeed strongly peaked in the active region cores. The EM(T )
portions shortward of its peak were found to behave approxi-
mately as Tα with slopes α � 2. The high-temperature portions
of the EM(T ) decrease as T−β with an even steeper β ≈ 5–15.

In this work, we reanalyze three typical regions out of
the 15 observed by Warren et al. (2012). These are regions 5,
8, and 14. We selected these regions because of their different
low-temperature slopes α. Region 5 represents a region with
one of the lowest α found, which is ≈2. Region 8 is a region
with an intermediate α, and finally, region 14 has the highest
α = 4.8 ± 0.44. Warren et al. (2012) provides a list of cal-
ibrated data, which consists of intensities of 22 spectral lines
observed by EIS and 1 intensity of AIA 94 channel of extracted
box in 15 active regions. We estimate the typical uncertainties
of observed intensities to be ≈30% (Hannah & Kontar 2012,
Kontar; priv. comm.). These contain the calibration error, which
is at least 10% (Wang et al. 2011) or higher (Del Zanna 2013a),
atomic data errors, and errors arising from photon statistics. We
note here that the RIM is still able to recover the DEM even if
the calibration error is higher (Hannah & Kontar 2012). The list
of used spectral lines with their observed intensities is given in
Table 1. Note again that the estimated error of observed intensi-
ties is 30% and is not listed in Table 1.

Landi & Young (2010) present a list of intensities of a
quiet Sun (QS) region above the west limb observed by the
Hinode/EIS instrument on 2007 April 13. We used these data
to complement the analysis of the active region cores. The list
of used spectral lines with their observed intensities is given in
Table 4 for data by Landi & Young (2010). Note that these lines
are formed in a rather narrow range of temperatures (Landi &
Young 2010).

Table 1. List of spectral lines used in reconstruction of DEM by W-S
method and RIM with the values of Iobs, RMaxw, and Rκ=2 are shown for
inter-moss region 5.

Ion λ [Å] Iobs W-S method RIM
RMaxw Rκ=2 RMaxw Rκ=2

Sivii 275.37 99.8 1.14 1.13 0.88 0.76
Fe ix 188.50 129. 1.06 0.63 0.87 0.48
Fe ix 197.86 84.4 1.02 1.22 0.84 0.94
Fexi 180.40 1135. 1.36 1.32 1.07 1.14
Fexi 188.22 686. 1.09 1.07 0.86 0.92
Sx 264.23 62.9 1.06 1.07 0.90 0.87
Six 258.38 254. 1.25 1.62 0.99 1.28
Fexii 192.39 439. 1.04 0.98 0.86 0.91
Fexii 195.12 1431. 0.99 0.93 0.82 0.87
Fexiii 202.04 1212. 0.89 1.07 0.79 0.96
Fexiv 264.79 615. 0.95 1.02 0.79 0.84
Fexiv 270.52 325. 1.12 1.24 0.93 1.01
Fexv 284.16 6115. 1.47 0.98 0.89 0.70
Sxiii 256.69 437. 1.57 1.90 0.80 1.29
Arxiv 194.40 67.9 0.89 0.82 0.37 0.53
Caxiv 193.87 242. 0.81 0.63 0.36 0.42
Caxv 200.97 218. 0.67 0.62 0.35 0.43
Caxvi 208.60 114. 0.74 0.83 0.50 0.63
Caxvii 192.56 132. 0.88 0.93 0.88 0.83
Fexviii AIA 94 628. 0.97 1.73 0.87 1.29

χ 0.23 0.35 0.30 0.30

Notes. The EIS and AIA intensities have units erg cm−2 s−1 sr−1.

4. Results

In general, it can be expected that the changes in G ji(T,Ne, κ)
with κ-distributions could be reflected in the reconstructed
DEMs. However, it is by no means a priori clear whether the
reconstructed DEMs should become broader with κ, as do the in-
dividual G ji(T,Ne, κ) (see Sect. 2.2), or whether the DEMs may
become more isothermal if the individual EM-loci curves, which
are defined as Iobs

ji /G ji(T,Ne, κ), shift toward a common crossing
point.

To obtain an answer to this question, we use the W-S method
and RIM in conjunction with the calculated G ji(T,Ne, κ) to re-
construct the DEMs for the selected datasets described in the
previous section. To our knowledge, this is the first use of the
DEM reconstruction methods for non-Maxwellian distributions.

4.1. Active regions

The reconstructed DEMs are converted to the EM(T ) using
Eq. (8) and are shown in Fig. 2 for region 5, Fig. 4 for the re-
gion 8, and Fig. 6 for the region 14. In each one of these fig-
ures, the results are shown for the Maxwellian distribution with
κ-distributions with κ = 5, 3, and 2. Note that these figures also
contain the EM-loci plots, which represent upper limits for the
reconstructed EM(T ). The EM-loci plots are color-coded so that
lines belonging to a particular element can be discerned at a
glance. The results obtained from the RIM are plotted only for
temperatures, where the DEMs were recovered reliably, specif-
ically, where the resulting regularized solution matrix was al-
most diagonal. In contrast to that, the W-S method, which does
not provide the errors in T , is plotted for the entire temperature
range.
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Fig. 2. EM-loci plots (different colors stand for different ions) and the EM distributions for inter-moss region 5 using the W-S method (light blue
line) and the RIM (thick black line). The RIM provide vertical and horizontal error bars. The EM(T ) for Maxwellian distribution (top left) and
κ-distribution with κ = 5 (top right), κ = 3 (bottom left), κ = 2 (bottom right) is shown. The slopes of EMs are indicated by dark blue linear fits.
The power-law indexes α and β are listed.

Fig. 3. Calculated-to-observed intensities IDEM/Iobs for the DEM reconstructions of region 5 under the assumption of Maxwellian and κ = 5, 3,
and 2 distributions. Light blue squares are for W-S method. Color points with error bars are for RIM. Color coding is the same as in Fig. 2. The
horizontal dashed lines represent the 30% error of observed intensities.
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Fig. 4. Same as Fig. 2 but for region 8.

Fig. 5. Same as Fig. 3 but for region 8.

The DEMs recovered for the Maxwellian distribution are
similar to those of Warren et al. (2012), which are calculated by
the MCMC method. This similarity is expected, given that RIM
and MCMC method give consistent results (Hannah & Kontar
2012).

The DEMs recovered under the assumption of a κ-distribu-
tion indicate similar behavior of the DEM with κ for all three
regions investigated. With decreasing κ or increasing depar-
tures from the Maxwellian distribution, the DEM peaks become
more rotund (concave). Furthermore, while the Maxwellian
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Fig. 6. Same as Fig. 2 but for region 14.

Fig. 7. Same as Fig. 3 but for region 14.

DEMs peak near log T (K) = 6.6 (≈4 MK), the temperatures cor-
responding to DEM peaks for κ are shifted to a higher tempera-
tures, reaching log T (K)∼ 6.7–6.8 for κ = 2. These temperatures
are about ≈1 MK higher than for the Maxwellian distribution.

The shift of the DEM peaks can be attributed to the behavior of
ionization equilibrium with κ, where the ionization peaks of the
coronal ions (ions formed at log T (K) � 6) are typically shifted
to higher T . This is also illustrated in Fig. 8, where we plot the
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Fig. 8. G(T, ne, κ) × EM(T ) for the Maxwellian (solid lines) and for the
κ-distributions with κ = 2 (dashed lines) for indicated lines formed in
different temperature ranges for region 5 (top), region 8 (middle), and
region 14 (bottom). The EM(T ) is calculated by W-S method.

product of the G ji(T,Neκ) times EM(T ) for some of the observed
lines. For low κ = 2, the lines are formed at higher T and in
broader range of temperatures.

Note that it is not surprising that the DEM peaks are found at
around log T (K) = 6.6 for the Maxwellian distribution (compare
with Wood & Laming 2013) and at slightly higher log T (K) for
lower κ. Such temperatures correspond well to the minima of
the radiative loss function for different κ (Dudík et al. 2011b).
Even if the plasma is heated to higher T , radiative losses are
least efficient at the temperatures corresponding to the minima
of the radiative loss function.

Generally, we find a good agreement between the DEMs re-
covered using the RIM and W-S method. However, the RIM un-
derestimates the peak emission and smooths it in comparison
with the W-S method. This is due to several reasons. First, the
errors of the input intensities Iobs are large, ≈30% (Sect. 3), and
the behavior of the RIM for such cases is known (Hannah &
Kontar 2012). In essence, large uncertainties in the EM-loci plots
prevent the RIM from recovering sharply peaked DEMs, even if
the plasma is truly isothermal. Second, the RIM tries to recover
the DEM under the constraint of smallest total emission measure
possible.

We perform fitting of both the low-temperature and high-
temperature slopes of the recovered EM(T ). These fits are also
shown in Figs. 2–6, and the appropriate values of the slopes α
and β are also listed in these figures. We find that the value of
α does not change appreciably with κ, while the value of β is
generally somewhat lower for lower κ. This is due to the rotund-
ness of the EM peaks for low κ. We conclude that the assump-
tion of a κ-distribution in DEM reconstruction does not signif-
icantly change the constraints on the coronal heating problem
drawn from the steepness of the EM(T ) slopes.

As already noted, the Maxwellian DEM for region 5 is
much more multithermal than the one for region 14. The ob-
tained consistent behavior of the reconstructed DEMs with κ
for all three regions and two different DEM reconstruction
methods establishes confidence in the reconstructed DEMs for
the κ-distributions.

The ratios R of the observed and calculated intensities, R =
IDEM/Iobs, are for the three regions, the Maxwellian and κ = 2
distributions listed in Tables 1–3. The IDEM were calculated us-
ing W-S method and RIM. The ratios indicate the ability of
the reconstructed DEMs to reproduce the observed intensities.
Values of R within 0.7 < R < 1.3 mean that IDEM is within 30%
of the estimated error of observed intensities. The relative error χ
of reconstructed DEM, as calculated from χ =

√∑
i (1 − Ri)2/N,

are in the last row of Tables 1–3. For the W-S method, the χ
is slightly better for Maxwellian distribution than for κ = 2.
For RIM, they are 30% irrespective of the distribution.

The calculated-to-observed intensities R for both methods
are also graphically presented in Figs. 3, 5, and 7. For RIM, er-
rors of the DEM(T ) are propagated to obtain the errors σ(IDEM)
of the reconstructed intensities. These are shown as error bars
for the corresponding R values. The ratios are typically within
the interval 0.7 < R < 1.3. Exceptions are ratios for lines
formed at temperatures corresponding to the DEM peak. This is
caused by the inability of the methods to exactly recover sharply
peaked DEMs. Finally, we note that this type of error analysis
is designed only to determine the goodness-of-fit for individual
lines. It is not designed to determine which type of distribution
and its corresponding DEM offer a better approximation for all
of the observed intensities. These observed lines are not suffi-
cient for diagnostics of κ either (Dzifčáková & Kulinová 2010;
Mackovjak et al. 2013).

4.2. Quiet Sun

The DEM reconstruction is also performed on the quiet Sun data
of Landi & Young (2010), and the results are presented in terms
of EM(T ) in Fig. 9. For the Maxwellian distribution, the EM(T )
peaks at log T (K) = 6.15 (1.4 MK). This is in good agreement
with the results of Landi & Young (2010), although they used an-
other iterative technique developed by Landi & Landini (1997)
to determine the DEM. Note that outside of log T (K) ∼ 6.0–6.3
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Table 2. Same as Table 1 but for region 8.

Ion λ [Å] Iobs W-S method RIM
RMaxw Rκ= 2 RMaxw Rκ= 2

Sivii 275.37 42.3 1.14 1.05 0.97 0.83
Fe ix 188.50 72.5 1.07 0.73 0.86 0.57
Fe ix 197.86 40.2 1.25 1.52 1.00 1.21
Fexi 180.40 971. 1.49 1.66 1.15 1.23
Fexi 188.22 602. 1.16 1.30 0.89 0.97
Sx 264.23 74.2 1.13 0.88 0.87 0.65
Six 258.38 312. 1.05 1.22 0.80 0.90
Fexii 192.39 462. 1.13 1.27 0.89 0.93
Fexii 195.12 1551. 1.04 1.18 0.82 0.86
Fexiii 202.04 1294. 1.25 1.65 0.96 1.16
Fexiv 264.79 1064. 0.98 0.99 0.67 0.67
Fexiv 270.52 534. 1.23 1.27 0.84 0.86
Fexv 284.16 10514. 1.49 0.89 0.80 0.59
Sxiii 256.69 865. 1.36 1.41 0.63 0.92
Arxiv 194.40 65.2 1.24 1.08 0.52 0.72
Caxiv 193.87 317. 0.76 0.62 0.34 0.42
Caxv 200.97 239. 0.63 0.62 0.35 0.45
Caxvi 208.60 109. 0.69 0.78 0.52 0.65
Caxvii 192.56 109. 0.83 0.82 0.97 0.84
Fexviii AIA 94 620. 0.92 1.77 0.86 1.38

χ 0.25 0.36 0.30 0.30

Table 3. Same as Table 1 but for region 14.

Ion λ [Å] Iobs W-S method RIM
RMaxw Rκ= 2 RMaxw Rκ= 2

Sivii 275.37 8.8 1.03 1.06 0.98 0.97
Fe ix 188.50 10.5 1.28 0.88 1.07 0.69
Fe ix 197.86 8.0 1.09 1.29 0.90 1.11
Fexi 180.40 279. 1.28 1.38 0.95 1.02
Fexi 188.22 139. 1.24 1.34 0.91 0.99
Sx 264.23 21.1 1.18 0.83 0.98 0.63
Six 258.38 55.0 1.61 1.80 1.22 1.29
Fexii 192.39 128. 1.18 1.29 0.96 1.01
Fexii 195.12 433. 1.08 1.18 0.88 0.93
Fexiii 202.04 576. 0.92 1.28 0.79 0.96
Fexiv 264.79 330. 1.18 1.31 0.89 0.91
Fexiv 270.52 185. 1.33 1.51 1.00 1.05
Fexv 284.16 4921. 1.60 1.04 0.89 0.66
Sxiii 256.69 380. 1.66 2.00 0.83 1.22
Arxiv 194.40 50.7 1.18 1.10 0.48 0.66
Caxiv 193.87 282. 0.70 0.53 0.30 0.32
Caxv 200.97 247. 0.60 0.57 0.29 0.37
Caxvi 208.60 127. 0.66 0.79 0.42 0.56
Caxvii 192.56 110. 0.97 1.15 0.96 0.94
Fexviii AIA 94 583. 0.99 1.94 0.87 1.34

χ 0.32 0.44 0.30 0.30

for the Maxwellian distribution, the regularized solution matrix
was clearly not diagonal, producing large horizontal errors. This
means that the DEM calculated by the RIM is not reliable at
these temperatures and is again not displayed.

For κ-distributions, the EM(T ) peak is again shifted pro-
gressively to higher T , reaching log T (K) ≈ 6.3 (2 MK) for
κ = 2. Note that while the EM-loci plots indicate multithermal
plasma for the Maxwellian distribution, they indicate progres-
sively less multithermal plasma for lower κ. Especially for κ = 2,
the EM-loci curves nearly intersect at a common point (Fig. 9,
bottom right). Consequently, it is possible to interpret the same

Table 4. List of spectral lines from Landi & Young (2010) used in
the reconstruction of DEM by W-S method and RIM. The Iobs, RMaxw,
and Rκ= 2 are shown.

Ion λ [Å] Iobs W-S method RIM
RMaxw Rκ= 2 RMaxw Rκ= 2

Feviii 185.21 14.6 1.20 1.45 0.80 0.98
Feviii 186.60 11.0 1.01 1.28 0.68 0.86
Feviii 194.66 3.90 1.27 1.46 0.86 0.99
Fex 174.53 244. 1.07 0.96 0.62 0.63
Fex 175.26 18.0 1.54 1.36 0.88 0.87
Fex 177.24 153. 0.94 0.85 0.55 0.56
Fexi 178.06 9.10 1.04 0.94 0.68 0.65
Fexi 180.40 208. 0.99 0.92 0.65 0.65
Fexi 180.59 7.50 1.18 1.14 0.77 0.79
Fexi 181.13 10.1 1.23 1.19 0.80 0.83
Fexi 182.17 35.6 0.96 0.87 0.62 0.61
Fexi 201.73 5.70 1.18 1.11 0.76 0.77
Fexii 186.89 24.9 0.93 0.78 0.71 0.59
Fexii 192.39 46.6 0.84 0.81 0.66 0.63
Fexii 193.51 85.0 0.96 0.93 0.75 0.73
Fexii 195.12 134. 0.90 0.87 0.71 0.68
Fexii 196.12 8.50 0.87 0.74 0.66 0.56
Fexii 249.39 5.70 0.64 0.70 0.49 0.53
Fexiii 202.04 87.3 0.46 0.54 0.47 0.49
Fexiii 203.16 3.20 1.02 1.10 0.98 0.93
Fexiii 203.83 20.3 0.99 1.02 0.94 0.86
Fexiii 204.94 5.80 0.71 0.79 0.70 0.70
Fexiv 270.52 7.50 0.68 0.96 0.85 0.93
Fexiv 274.20 19.4 0.56 0.81 0.71 0.79
Fexv 284.16 26.8 0.73 1.22 1.09 1.19

χ 0.24 0.23 0.30 0.30

Notes. The Hinode/EIS intensities have units erg cm−2 s−1 sr−1.

observed spectrum either as emission from multithermal plasma
with a narrow DEM and Maxwellian distribution, or as emission
from near-isothermal plasma with κ = 2. Indeed, upon fitting the
EM slopes, we find that the value of α progressively increases
from 3.66 ± 0.15 for the Maxwellian distribution to 5.77 ± 0.31
for κ = 2. It is, however, not clear what coronal heating mech-
anism could produce such extremely non-Maxwellian distribu-
tions in the quiet Sun.

The ratios R of the calculated-to-observed intensities, R =
IDEM/Iobs, are presented in Table 4. The IDEM were calculated
using W-S method and RIM. The plots of the calculated-to-
observed intensities ratios are shown in Fig. 10.

5. Conclusions and outlook

We have investigated the temperature structure of several active
region cores and a quiet Sun region under the assumption of
the non-Maxwellian κ-distributions. To recover the differential
emission measure, we used two methods, namely the Withbroe-
Sylwester method and the regularization method. Our main re-
sults can be summarized as follows:

– Both DEM reconstruction methods give similar solutions.
This gives confidence in the validity of the reconstructed
DEMs.

– The reconstructed Maxwellian DEMs for three active region
cores and quiet Sun region are in good qualitative agreement
with results published by other authors, who use different
DEM reconstruction techniques.

– The influence of κ-distributions on the DEMs is similar
for each of the three active region cores studied. With
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Fig. 9. DEM for quiet Sun region using W-S method (light blue line) and the RIM (thick black line). The constant pressure log pe (cm−3 K) = 15
is assumed. The RIM provide vertical and horizontal error bars. The DEM for Maxwellian distribution (top left) and κ-distribution with κ = 5 (top
right), κ = 3 (bottom left), κ = 2 (bottom right) is shown. The slope of DEM is indicated by the dark blue linear fit and appropriate power-law
indexes (parameter α indicates the slope of increasing DEM peak and β indicates the negative slope of decreasing DEM peak). Correspondent
EM-loci curves are also shown, and they are color-coded by ion.

Fig. 10. Calculated-to-observed intensities for the quiet Sun region, assuming Maxwellian distribution and κ-disribution with κ = 5, 3, and 2. Light
blue squares are for W-S method. Color points with error bars are for RIM, and the color coding is the same as in the Fig. 9. Two horizontal dashed
lines represent the error of observed intensities, which are at 30%.
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decreasing κ, the DEMs become more rotund and their peaks
are shifted to higher temperatures. This is chiefly a con-
sequence of changes in ionization equilibrium, which also
cause individual lines to be formed at a wider range of tem-
peratures.

– The slopes of the EM distributions leftward of its peak do
not change appreciably with κ. This suggests that different
assumptions on the shape of the electron distribution func-
tion do not change the constraints on the coronal heating
mechanism.

– Interpretation of quiet Sun plasma emission may differ for
different types of electron distribution assumed. The DEM is
found to be multithermal for Maxwellian distribution, but is
much less multithermal for κ ≈ 2.

In summary, our results show that the multithermality of plasma
can be a robust result, although the degree of the multithermality
is dependent on the region observed and assumed particle distri-
bution. Especially in the active region cores, some constraints on
the coronal heating can be derived from DEM reconstruction re-
gardless of the particle microphysics. For example, the relative
number of high-energy electrons produced by the coronal heat-
ing. This is a somewhat surprising result, since the contribution
functions of the individual spectral lines are highly dependent on
the assumed distribution function.

This dependency of the contribution functions on the dis-
tribution of particle energies calls for a closer scrutiny of the
spectroscopic observations. A positive diagnostics of the non-
Maxwellian distributions in the solar corona would be a “smok-
ing gun” for the coronal heating process involved and could pos-
sibly help explain the source of the solar wind. Unfortunately,
the present spectroscopic observations have limited wavelength
coverages and often suffer from instrument and calibration is-
sues preventing the diagnostics (see Mackovjak et al. 2013;
Del Zanna 2013a), as well as atomic data uncertainties. A
comprehensive search for lines suitable for diagnostics of non-
Maxwellian distributions in the entire wavelength range is
planned. This is of importance for the interpretation of current
and future observations and could also result in improved instru-
ment design. In the meantime, the results presented here shed a
new light on the long-standing issue of isothermal vs. multither-
mal plasma.
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